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ABSTRACT 
 

The ability to accurately measure the temperature of different materials has always been a 
challenge for the Instrumentation Engineer. The use the classic contact type temperature detector 
such as thermocouples or RTD’s (Resistance Temperature Detectors) has not always shown to be 
the best approach to obtain the expected measurement. When not used carefully in closed 
environments, thermocouples and RTD’s could report the environmental temperature rather than 
the temperature from the product under examination. They are also temperature limited and 
when needed for applications above those limits, very expensive and low reliable materials are 
necessary to do the job.  
 
The use of non-contact thermometers has become the preferred choice for such applications. 
They have also come as a solution for the difficulties involved in the temperature measurements 
of moving targets. The industry has used portable and spot type infrared thermometers for some 
time, but the demand for better and more precise measurements has brought an incredible 
number of new products to the market. By means of advanced electronics and new software 
developments these products are used to cope with the difficulties of acquiring challenging 
measurements. Some of the same demands have made necessary the use of non-contact 
temperature measurement devices on aircraft instrumentation applications. The use of these 
capabilities has allowed the data acquisition community to get valuable data that was very 
difficult if not impossible to obtain before.  
 
In spite of all these facts, this promising emerging technology demands very careful attention 
before it is put to good use. The many products and solutions available do not accurately address 
every problem and the selection of the wrong technology for a specific task can prove to be fatal. 
The use of non-contact temperature devices is not an easy “off the shelf” pick but rather an 
option that demands knowledge of the infrared measurement theory as well as a complete 
understanding of the material under observation. The intention of this paper is to provide a 
practical understanding on the non-contact temperature measurement methods to the Aircraft 
Instrumentation Engineer who has not benefited from the use of this exiting technology.   
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INTRODUCTION 
 

It is very well known today what the ancient Egyptians theorize more than 5000 years ago; 
“Everything vibrates, everything is in perpetual motion”. The electromagnetic theory tells us 
that any moving charged particle has an associated variable electric field. As it travels, this 
particle will also produce an alternating magnetic field.  Then a moving particle is a source of an 
electromagnetic field that propagates at the speed of light. The resulting radiation energy is a 
stream of photons that travel at light speed. This radiation can be reflected or focus by the use of 
lenses and mirrors, and it can be used to measure the temperature of the object that emits it. 
Infrared energy does not depend on air for transmission and it is converted to heat once the 
material absorbs it. Instruments that have the ability to measure temperature without physical 
contact are known as Infrared Radiation Thermometers or Pyrometers. The fact that this 
radiating energy can be used to measure temperature comes from the characteristic relationship 
between the radiant energy wavelength and intensity with the objects temperature. This photon 
emission is inversely proportional to the wavelength. As we look at higher wavelength values in 
order to realize the measurement, the infrared energy available to do the measurement will be 
less. The higher the temperature the body is experiencing, the shorter the wavelength of the 
energy it produces.  
 
 

BODY 
 
Most temperature measurements are made by placing temperature sensors like RTD’s or 
thermocouples in contact with the article of interest. However, contact measurement can become 
difficult to implement when the object is rotating, it is subject to extreme high temperatures or it 
is subject to a corrosive environment.  

 
Objects at temperature of about C and above radiate electromagnetic energy in the visible 
portion of the electromagnetic spectrum. A very good example of this phenomenon is the 
common incandescent light bulb, which is capable of temperatures so high that it radiates bright 
visible light. The human eye has been for thousands of year a radiation detector. It contains 
almost the same components as a practical non-contact instrument. Experienced steel workers 
can give a close estimate of temperature by looking at how red or white a piece of steel is at a 
given moment. In the infrared region of the spectrum the amount of radiation emitted is much 
more stronger than the energy emitted in the visible region. Moreover at temperatures below the 

C the infrared energy continues even though it is invisible to the human eye.   Temperature 
is a measure of the collision of internal atoms in a body. This temperature can be known by 
measuring the correct intensity of the emanated electromagnetic radiation also known as thermal 
radiation.  In 1901 Plank discovered the relationship between the intensity of radiation at a 
specific wavelength and the absolute temperature of a body (1). 
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λW :       Radiant flux Density as power of electromagnetic radiation per unit of  
   wavelength. 

)(λ∈ :  Emissivity of an object. 

1C :   3.74  21210 Wcm−×

2C :   1.44 cmK  
 
It is clear that the wavelength of the radiated energy is temperature dependent but it is very 
important to understand that the magnitude of this radiation is a function of the properties of the 
surface of the sample. The ability of a surface to radiate is defined as Emissivity. This property is 
measured on a scale from 0 to 1. The emissivity of one (1) is an ideal condition that is attributed 
to an ideal emitter of electromagnetic radiation called a Blackbody. In reality a blackbody does 
not exist and objects emissivity will fall somewhere within the scale. Emissivity usually varies 
with wavelength except for certain materials. The material that maintains the same emissivity 
value for all wavelengths is called a Graybody. A blackbody is usually has values of 0.99 and 
higher and is basically used for calibration purposes. Emissivity is then defined as the ratio of 
electromagnetic flux that is emitted from a surface compared to the flux that would be emanated 
from a blackbody at the same temperature.  

 
In many cases the Instrumentation Engineer will need to test a material sample on a burner rig or 
oven in order to test the sample at the chosen temperature ranges. The ability to successfully 
measure the sample temperature using non-contact temperature detectors depends on the object’s 
capacity to absorb, reflect, transmit and emit infrared energy. The quantity of absorbed (A), 
transmitted (T) or reflected (R) energy varies with the wavelength of the infrared energy. These 
three properties relate themselves on the following equation. 
 
                                                  1=++ TRA                                         (2) 

Gustav Kirchoff discovered that the emissivity of a material is identical to its absortivity 
or AE = . This means that the emissivity of a material will be dependant on the reflectivity and 
the transmission of the material at a specific wavelength )(λ .   
  
                                                              λλλ T-R-1=E                                                           (3) 

In order to simplify this equation we must carefully select a wavelength for which the sample is 
opaque )0( =T . A common example of this can be found in the non-contact temperature 
measurement of glass or plastic samples. Finding a wavelength at which the material is opaque in 
respect to the incident infrared energy will avoid the energy wave to be transmitted through the 
material.  By following this procedure we make emissivity only a function of the reflectivity of 
the material.  
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                                                                  λλ RE −=1                                                              (4) 

If the material under examination reflects 10% of the infrared energy that is incident over it and 
the transmission is zero, then it can be concluded that 90% of the energy was absorbed by the 
material. It is concluded that the emissivity of the material is 0.9. The higher the emissivity value 
we can achieve the better. The reflectance of the material is dependent on the wavelength of 
incident infrared energy so it is important that we use a wavelength at which the reflectance of 
the material is low, resulting on a higher emissivity value.  
 

Today most instruments will offer an external emissivity adjustment that the user can set with the 
correct emissivity value. The fact that the values for the emissivities of many substances have 
been found and are published in many reference literatures can be very deceiving. It is important 
to understand that these values are found on laboratories usually at room temperature. These 
conditions are infrequently the ones found in reality. The use of these values to adjust the 
emissivity values for the instruments will frequently result in erroneous readings do to an under 
or over adjustment of the reading. This is critical if the non-contact temperature instrument is 
used to control the process temperature. The results can vary from testing under the required 
conditions up to permanent damage or the destruction of the process element because of 
overheating. A sample’s emissivity can change with surface changes such as corrosion as well as 
with temperature changes. As the temperature increases many materials experience a change in 
color that will include a change in emissivity value. 

 
Figure 1 – Changes in emissivity with heat-up and cool-down temperature variations for Graphite 
in a Vacuum Furnace Test.  Reprinted from Pyrolaser & Pyrofiber Infrared Temperature 
Measurement with Automatic Emissivity Correction, J. Kral & E.K. Matthews. 

 

 Published data can be helpful as a guide to understand what emissivity values to expect and to 
decide what type of instrument will be correct to realize the measurement. Most metallic 
unoxidized materials have low to medium values of emissivity (0.1-0.5), non-metallic opaque 
materials have high values of emissivity (0.80-0.95). Emissivity can be determined 
experimentally by comparing the infrared thermometer measurement with the measurement of a 
calibrated RTD or thermocouple. There will be a difference in the readings that accounts for the 
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emissivity of the material. Even further corrections will be needed if the pyrometer takes the 
measurement through a window. There will be an absorption and reflection factor caused by the 
window interaction with the infrared signal. There is no doubt a degree of uncertainty will be 
present when dealing with the emissivity of a sample, but there is a point on which you must 
make a compromise. 
 
Choosing the correct instrument to realize the measurement is of great importance. There are 
many materials that require a specific wavelength in order to measure temperature correctly. 
Materials like oxidized steel will offer roughly the same emissivity value for all wavelengths. In 
this case there is no problem; a variety of instruments with different types of lenses will do the 
job. The measurement of an unoxidized metal is a very different case. At short wavelengths the 
unoxidized metal may have an emissivity of 0.3 to 0.4. When observed at longer wavelengths the 
emissivity value will be lower and lower. At 8.0 to 14.0 microns the emissivity can be as low as 
0.02 and the metal virtually behaves like a mirror.  
 
The infrared instrument may give the impression that it could be used on the entire spectrum but 
this is not a practical approach. When looking into the curves of Infrared Radiation vs 
Wavelength derived from Plank’s equation it can be seen that at very low values of wavelength 
there is a rapid increase in radiant energy with a temperature increase. At longer wavelengths this 
rate is much lower resulting in a less accurate region. Therefore more precise temperature 
measurements should be made at short wavelengths. 
 
 

 

 
Figure 2 – Infrared Radiation vs Wavelength variation. It is clear that there is more energy difference per 
degree at shorter wavelengths.  Reprinted from Omega Transactions, IR Theoretical Development.  

 
As a guideline the instrumentation engineer should identify the higher and lower temperature 
limits for the process under examination and choose the shorter wavelength that will measure the 
desired range of temperatures. There are of course applications that do not follow this guideline 
based on how the material behaves at specific wavelengths. Some materials like glass or plastics 
can be partially transparent at certain wavelengths, which makes it inconvenient or impossible to 
obtain the correct measurement. 
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The lower the emissivity value, the greater the amplification the instrument must exercise on the 
incoming signal so that the correct temperature can be obtained. Let’s imagine a sample’s 
temperature being monitored by a pyrometer on which there is a change in signal value due to a 
change in emissivity, dust, dirt, smoke or any other obstruction. The error in the instrument 
reading will be greater if the instrument is using a lens with a long wavelength as compared with 
one using a short wavelength. The temperature error is greater for a higher wavelength value 
since the slope of a blackbody curve for a specific wavelength becomes flatter as the wavelength 
is increased. The use of longer wavelengths results in lines that intercept the percent error at 
much further points resulting in a greater difference in temperature from the correct value. 

 
 

 
 

Figure 3 – Temperature error due to a 10% signal change. Measurements performed at longer wavelengths 
produce greater error. Partially reprinted from IRCON Non–Contact Temperature Measurement, Vern 
Lappe. 
 

It is not recommended to calibrate a pyrometer by placing the sample inside an oven because of 
the effect of reflections. Usually the oven walls need to be at higher temperatures than the 
sample so that the desired temperature on the sample can be obtained. This means that the 
sample is completely surrounded by a source of energy that is at a higher temperature than its 
own. For a sample with an emissivity of 0.85 the infrared thermometer will see the energy 
emitted from the sample plus %15 of the radiant energy from the oven walls that will reflect on 
the sample. This will induce an error temperature result that will be a combination of both 
signals. 

 
Measuring the temperature of low emissivity metals like aluminum or silver can be cumbersome. 
Even more difficult is the case when the temperature variance expected begins at subzero values 
and reaches temperatures of over a C.  Most instruments that cover high temperatures 
using relatively low values of wavelengths do not cover the lower range of temperatures. The 
instrumentation engineer is then forced to use a general-purpose instrument, which uses 
wavelengths in the range from 8.0 to 14.0 microns and can cover both lower and mid high 
temperatures. The risk of using such longer wavelengths for obtaining measurements has already 
been discussed. At these wavelengths any changes in emissivity or signal loss caused by any 
other obstruction can produce a significant error on the instruments reported temperature 
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readings. One way to cope with this problem is by using a high emissivity paint or a black high 
temperature stove paint. If the paint can withhold the process temperature and there is no friction 
that will scratch the paint from the sample this is a possible solution. Using this procedure the 
emissivity of the sample is raised to a value of almost unity. Setting the instrument emissivity to 
0.99 will effectively set the instrument to obtain the measurement with minimal error. The 
measurement is now more immune to any emissivity change or any obstruction that could find 
its way into the measurement process, resulting in a temperature error of lesser magnitude.   

 
 

CONCLUSION 

The instrumentation engineer must exercise great caution when making the decision of using the 
non-contact temperature devices to realize selected temperature measurements. Pyrometers can 
be a great aid if the proper selection process takes place. Understanding that one pyrometer will 
not address effectively every challenge is crucial, so understanding and identifying the current 
needs will be the first logical step. The engineer must have clear knowledge of the temperature 
ranges the instrument is intended to monitor, the sample’s material, and if the chosen wavelength 
will be the best possible alternative to correctly report the expected temperature readings. 
Working with the instrument vendor is an essential part of this process and no purchase decision 
should be made until all these factors have been taken care of. Some vendors will offer to 
measure the emissivity of the sample at no cost, but it must be understood this measurement will 
be done at room temperature. How the sample will behave under high temperature environment 
is crucial to understand what emissivity value will be used to correct the incoming signal from 
the pyrometer. The modern instrument posses other useful functions such as Peek Picker, 
Automatic Emissivity Corrections and others that can be helpful to obtain correct measurements 
but their potential use must be examined under the light of every particular application.   
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